Oxidative stress of human skin fibroblasts by treatment with ultraviolet A (UVA) radiation has been shown to lead to an increase in levels of the heme catabolizing enzyme heme oxygenase 1 [heme, hydrogen-donor:oxygen oxidoreductase (a-methene-oxidizing, hydroxylating), EC 1.14.99.3] and the iron storage protein ferritin. Here we show that human skin fibroblasts, preirradiated with UVA, sustain less membrane damage during a subsequent exposure to UVA radiation than cells that had not been preirradiated. Pretreating cells with heme oxygenase 1 antsense oligonucleotide inhibited the irradiationdependent induction of both the heme oxygenase 1 enzyme and feritin and abolished the protective effect of preirradiation. Inhibition of the UVA preirradiation-dependent increase in femtin, but not heme oxygenase, with desferrioxamine also abolished the protection. This identifies heme oxygenase 1 as a crucial enzymatic intermediate in an oxidant stress-inducible antioxidant defense mechanis, involving ferritin, in human skin fibroblasts.
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Expression of the heme oxygenase 1 gene is enhanced by oxidative stress (1) (2) (3) (4) (5) (6) including UVA radiation (320-380 nm) (7-9), a major component of sunlight. We have recently demonstrated that induction of the heme oxygenase enzyme [heme, hydrogen-donor:oxygen oxidoreductase (a-metheneoxidizing, hydroxylating), EC 1.14.99.3] by UVA irradiation of cultured human skin fibroblasts leads to an increase in ferritin (10) . Ferritin constitutes the major storage site for nonmetabolized intracellular iron and therefore plays a critical role in regulating the availability of iron to catalyze such harmful reactions as the peroxidation oflipids and the Fenton reaction producing hydroxyl radicals. Recent studies have implicated intracellular ferritin in the protection of rat kidney (11) and cultured aortic endothelial cells (12) from oxidantinduced damage. This study was undertaken to determine whether a heme oxygenase-dependent increase in ferritin levels leads to an adaptive response in human skin fibroblasts.
MATERIALS AND METHODS
Cell Culture and Irradiation. Monolayers of normal human skin fibroblasts (FEK4) were cultured to 100%o confluency as described (13 Desferrioxamine Treatment. Immediately after UVA preirradiation, the irradiation buffer was removed and cells were thoroughly washed with PBS. Desferrioxamine treatment (500 gM in PBS) was for 1.5 h and then cells were washed thoroughly with PBS and the reserved medium was replaced for 22.5 h before subsequent treatments and assays.
Ferritin Measurement. At 24 h after preirradiation, 1 x 106 cells were harvested with a rubber policeman and homogenized with a Potter-Elvehjem homogenizer (Belco, Felham, U.K.), and the supernatant, after centrifugation at 5000 x g, was assayed for ferritin with an enzyme-linked immunosorbent assay kit (Boehringer Mannheim) according to the protocol supplied by the manufacturer. Protein content ofthe supernatants was measured according to the method of Bradford (16) .
Lipid Peroxidation. At 2 h after the second dose of UVA radiation, 1 x 107 cells were harvested with a rubber policeman, counted, and pelleted at 1000 x g. Lipid was extracted from the cells with 20 vol of hexane/isopropanol (3:2) (17), containing 0.02% butylated hydroxytoluene to prevent lipid peroxidation during subsequent handling. Aliquots of the lipid extract were dried under nitrogen, resuspended in trichloroacetic acid (2.8%), and reacted with thiobarbituric acid (1%). The absorbance of the butanol-extracted thiobarbituric acid-reactive species at 532 nm was taken as an estimate of the peroxidation of membrane lipids (18) .
RESULTS AND DISCUSSION
We have previously shown that ferritin levels increase 2-fold 22-46 h after treatment of human skin fibroblasts with UVA radiation (10), a finding that led us to predict that these cells would be protected from subsequent oxidative treatments. Thus, we examined fibroblasts that had either been preirradiated with UVA at 250 kJ m-2 or sham preirradiated 24 h prior to being exposed to a second dose ofUVA radiation. To estimate cell damage arising from the immediate effects of oxidative stress promoted by the second dose of UVA irradiation, we measured the leakage of a cytoplasmic protein, lactate dehydrogenase, into the irradiation buffer. This assay reflects cell membrane integrity, and the UVA radiation-dependent loss of membrane integrity is thought to be a consequence of UVA radiation-dependent peroxidation of membrane lipids (19) . Cells that had been preirradiated 24 h previously showed a 2-fold increase in ferritin ( Fig. 1 . The mean ± SD ofthe gradients of the dose-response curves of six experiments of the type shown in Fig. 1 fibroblasts with an antisense oligonucleotide targeted to the 5' end of the heme oxygenase 1 mRNA. Fibroblasts treated with heme oxygenase 1 antisense oligonucleotide prior to preirradiation with UVA (250 kJm-2) showed less of an increase in heme oxygenase 1 protein than cells containing either heme oxygenase 1 sense oligonucleotide or no oligonucleotide at all (Fig. 2) . Densitometric quantitation revealed that the level of heme oxygenase 1 protein induced in antisense oligonucleotide-treated cells by UVA irradiation was 25% of the level of heme oxygenase 1 protein induced by UVA irradiation of sense oligonucleotide-treated cells. Fibroblasts treated with heme oxygenase 1 antisense oligonucleotide lost most of the protection against lactate dehydrogenase leakage afforded by preirradiation, whereas cells treated with heme oxygenase 1 sense oligonucleotide and preirradiated maintained the same degree of protection as preirradiated cells not treated with oligonucleotide (Table 2 ). Since release of iron via the heme oxygenase-mediated catabolism of heme appears to be a trigger for ferritin induction (10, 20) , we have further examined the role of ferritin in the protection against lactate dehydrogenase leakage by addition of desferrioxamine to cells after preirradiation. Cells that had been treated with desferrioxamine showed a complete loss of preirradiation-dependent protection compared to cells not treated with desferrioxamine (Table 2 ). This effect of desferrioxamine was due to its iron-chelating ability, since ferrioxamine (iron-saturated desferrioxamine) did not abolish the preirradiation-induced protection toward subsequent irradiation (data not shown). If ferritin were responsible for the protection that resulted from UVA preirradiation, then the heme oxygenase 1 antisense oligonucleotide treatment that diminished preirradiation protection should also diminish the increase in ferritin seen after preirradiation. Indeed, cells treated with heme oxygenase 1 antisense oligonucleotide did show a diminished increase in ferritin after preirradiation, whereas heme oxygenase 1 sense oligonucleotide-treated cells showed an increase in ferritin after preirradiation similar to cells not treated with oligonucleotide ( Table 1) . Cells treated with heme oxygenase 1 antisense oligonucleotide did not completely lose the protection afforded by preirradiation (Table 2) , because this treatment did not completely prevent the preirradiation-dependent induction of heme oxygenase 1 protein (Fig. 2) and thus did not entirely abolish the subsequent induction of ferritin (Table 1) . Each value is the mean ± SD of nine observations. *, Significantly (Table 3) . Total levels of peroxidized lipid in preirradiated and sham preirradiated cells were the same immediately before the second irradiation (A532 per 109 cells = 0.12 ± 0.08). Desferrioxamine prevented the protective effect of preirradiation toward membrane lipids (Table 3) . Since desferrioxamine inhibits the UVA radiation-dependent increase in ferritin, but not heme oxygenase (10) , it is likely that ferritin is ultimately responsible for limiting UVA radiation-dependent oxidative damage to fibroblasts. Desferrioxamine treatment 24 h before irradiation did not affect the UVA radiationdependent peroxidation of fibroblast membrane lipids (Table  3) or leakage of lactate dehydrogenase (Table 2 ). This may be because the UVA radiation-dependent lipid peroxidation and lactate dehydrogenase leakage we measured are catalyzed by iron present in the membranes that is unaffected by the desferrioxamine treatment utilized in this study (cf. ref. 21 ). The large quantity of oligonucleotide and DOTAP required to treat the number of cells necessary to measure lipid peroxidation ruled out the possibility ofexamining the effect ofheme oxygenase 1 antisense/sense on the UVA radiation-induced protection toward lipid peroxidation.
In summary, we have observed an adaptive response to UVA-dependent oxidative stress in human skin cells. Our results clearly implicate heme oxygenase 1 as the initial inducible mediator in this adaptive process and implicate ferritin as an important oxidant stress-inducible antioxidant in these cells.
